Introduction
============

Water deficiency is one of the primary causes of the reduction in crop yield ([@bib9]). Increasing aridity of semi-arid regions together with limited water resources has led to an exigent necessity for improving crop drought resistances ([@bib53]). Elucidating the molecular mechanisms of drought tolerance is critical for increasing crop production and quality. Previous reports have indicated that plants do not passively accept environmental stresses but respond actively through perception of drought stress signals, resulting in enhanced expression of related genes to protect themselves from stress damage ([@bib60]).

During the process of plant responses to drought stress, a large number of genes are induced. These genes are classified into two major groups according to their putative functional modes. The first group comprises the genes encoding structural proteins, which are downstream effectors in the stress response pathway including osmo-regulatory genes, antioxidant proteins, aquaporins, and late embryogenesis abundant (LEA) proteins ([@bib7]; [@bib11]; [@bib72]; [@bib60]). The second group consists of the genes encoding regulatory proteins, which are early response transcriptional activators including transcription factors and protein kinases. The stress-related transcription factors mainly including bZIP, WRKY, MYB, and AP2/EREBP proteins have been proved to play important roles in the regulation of drought tolerance ([@bib3]; [@bib24]; [@bib45]; [@bib63]). The protein kinases, including calmodulin dependent protein kinases (CDPKs), mitogen-activated protein kinases (MAPKs), receptor protein kinases (RPKs), and ribosomal protein kinases, are involved in the signal cascade amplification in response to different stress factors ([@bib48]; [@bib33]; [@bib43]). The expression of drought-inducible genes can be governed by ABA-dependent or ABA-independent regulatory systems ([@bib77]). There are also extensive cross-talks between responses to drought and other environmental stresses such as light and biotic stresses ([@bib35]).

Changes of gene expression under drought stress cause a series of physiological and biochemical alterations. Photosynthesis, one of the primary biosynthetic pathways, is significantly affected by drought stress, which restricts the normal function of other metabolic pathways, such as nitrogen fixation ([@bib16]). The respiration pathway, which breaks complex molecules into simple compounds to provide the energy required for plant development, is accelerated under drought stress ([@bib30]). Protection systems such as the antioxidation pathway, which can reinforce plant cells to form reactive oxygen species scavengers, are also affected by drought stress ([@bib5]). Despite significant progress during the past decade in our understanding of pathways affected by drought stress, limited information is available regarding pathway dynamics in tomato under drought stress.

Tomato has been used as a model system and is also one of the most important economical vegetable plants in the Solanaceae family. There exist many wild relatives of cultivated tomato *Solanum lycopersicum* with different degrees of tolerances to abiotic and biotic stresses. *S. pennellii* LA716 is one of the wild crossable relatives of cultivated species and its leaves have a distinct ability to withstand desiccation in extreme arid conditions ([@bib57]). A collection of 50 introgression lines (ILs), which covers the entire genome of their donor parent, *S. pennellii*, in the background of the cultivated species, *S. lycopersicum* M82, a drought-sensitive cultivar, were previously generated ([@bib21]; [@bib22]). This together with the currently expanding tomato research platforms such as genome sequencing and microarray applications could facilitate research toward a better understanding of drought-tolerance mechanisms in tomato. Genome-wide expression profiling of plants under drought stress has been reported in many plant species, including *Arabidopsis* ([@bib58], [@bib59]; [@bib10]; [@bib35]), rice ([@bib56]; [@bib32]), barley ([@bib66]; [@bib29]), maize ([@bib31]), sorghum ([@bib54]), and potato ([@bib70]), however no such reports have been found in tomato. In this study, two highly drought-tolerant ILs were identified, and gene expression changes of these two ILs and their recurrent parent M82 were characterized under drought stress to gain a deeper understanding of the drought-tolerance mechanisms in tomato.

Materials and methods
=====================

Plant material and screening of drought-tolerant introgression lines
--------------------------------------------------------------------

Seeds of 50 ILs, their donor parent, *S. pennellii*, and recurrent parent, *S. lycopersicum* cv. M82, were obtained from the Tomato Genetic Resource Center (TGRC) at the University of California, Davis. Each IL was named by the corresponding single inserted chromosome segment of *S. pennellii*. For example, IL1-1 (LA4027) means that one fragment of chromosome 1 of *S. pennellii* was introduced into the background genotype of M82. Different inserted fragments were identified using molecular makers ([@bib22]).

To establish the drought-screening system, around 240 uniform-sized seeds of M82 and *S. pennellii* were surface-sterilized with 75% (v/v) ethanol for 30 s, further sterilized using 4% (w/v) NaClO solution for 15 min, and finally rinsed with sterile distilled water. Thirty seeds were placed on each filter paper soaked with 4 ml of 15% (w/v) PEG 6000 solution or sterile distilled water in 9 cm Petri dishes. Petri dishes were placed in an illuminated growth chamber at the temperature regime of 29/25 °C (light/dark). Germination rate was scored visually as radical protrusion (2 mm) at 12 h intervals for 10 consecutive days. To investigate phenotypic changes at the seedling stage in M82 and *S. pennellii* under drought stress, seedlings of both genotypes were grown in black plastic pots in the greenhouse. Plants at the five-leaf stage were watered only once every 5 d. Phenotypic changes were observed and final survival rate was calculated after one month.

To screen for drought-tolerant ILs, 50 plump and uniform-sized seeds of each IL, *S. pennellii*, and M82 were germinated on filter papers in Petri dishes at 29 °C. The germinated seeds were then sown in germination media. At the one-true-leaf stage, 10 uniform seedlings of each genotype, in triplicate, were transplanted into 8×8 cm nutrition pots (one seedling per pot) filled with a mixture of peat, vermiculite, and perlite at a ratio of 1:1:1 (by vol.). These seedlings were randomly placed in the greenhouse with automatic control systems. Seedlings were irrigated every third day with 40 ml of modified 1/5 Johnson\'s solution supplemented with Fe-EDDHA ([@bib73]). When these plants were at the five-true-leaf stage, all pots were immersed in water (3 cm depth) for 12 h and then kept in the greenhouse without watering at 29/23 °C (day/night) and 65% relative humidity. Seedlings were not supplied with water or nutrient solution for recovery until leaves of most lines showed permanent wilting. After 2 weeks of recovery, drought stress was imposed again and finally the lines which survived were identified. The screening experiments were performed in three different seasons (May, September, and November) during the year 2006.

To investigate drought tolerance of the two selected lines further, pot-grown seedlings of *S. pennellii*, M82, and the two inbred lines at the 5-leaf stage were taken out and immersed in 2%, 4%, 6% (w/v) PEG 6000 solutions, respectively, at 25 °C for 12 h. Leaf electroconductivity of each stress-treated sample was measured using the DDBJ-350 portable electric conductivity radiometer. The leaf damage rate was determined as *EC*~1~/*EC*~2~, where *EC*~1~ is the electrical conductivity of the bathing water with leaf discs after 12 h and *EC*~2~ is the electrical conductivity of the same water after boiling for 20 min.

To determine the leaf water-holding capacity of different tomato genotypes, third leaves from the top of *S. pennellii*, M82, and the two selected lines at the 5-leaf stage were sampled. The detached leaves were placed in 25 °C in a dark environment and weighed every hour. Water deficit ratio of each sample was then calculated as the ratio of the leaf weight lost to the initial leaf fresh weight.

Stress treatment and total RNA isolation
----------------------------------------

Two drought-tolerant lines (IL2-5 and IL9-1) and M82 were grown as described above. Seedlings were well watered until they reached the 6-leaf stage, then drought stress was imposed by withholding water, except for control plants that were watered as usual. Triplicate samples with five seedlings of each line were collected at 09.00 h every day. The third leaf from the bottom of each plant was collected and used to determine the relative water content (*RWC*), while the fourth leaf from each plant was frozen in liquid nitrogen and stored at --70 °C until use. Control plants were selected with 88.13% leaf *RWC* (M82), 88.41% (IL2-5), and 88.61% (IL9-1), and stress treated plants with 68.86% leaf *RWC* (M82), 72.42% (IL2-5), and 73.93% (IL9-1), which were under moderate stress according to [@bib34], for RNA extraction.

Total RNA was isolated using the TRIzol reagent (Invitrogen, USA) according to the manufacturer\'s instruction. The quality of RNA was checked on a denaturing formaldehyde gel and further confirmed by measuring the ratio of *A*~260~/*A*~280~.

Fluorescent probe preparation and hybridization
-----------------------------------------------

Gene expression profiles of two selected drought-tolerant lines and M82 under drought stress and normal irrigated conditions were determined using tomato TOM2 arrays. Hybridization was performed on each of the materials tested with three biological replicates and two technical replicates (dye-swap).

Total RNA (5 μg) along with T~7~-Oligo (dT)~15~ (Boya, China) was used for reverse transcription of double-stranded cDNA using the DNA Synthesis Kit (Promega, USA), then transcribed to cRNA *in vitro* using T7 RiboMAX Express Large Scale RNA Production System (Promega, USA). 2 μg of cRNA plus Random Primer 9 (New England Biolabs, USA) was used to produce cDNA by M-MLV (200 μ/μl, Invitrogen, USA). Finally, a 2 μg cDNA aliquot, along with Random Primer 9, 120 μM final concentration of each dATP, dGTP, dTTP, 60 μM final concentration dCTP and 40 μM final concentration of Cy5-dCTP, Cy3-dCTP was used to produce Cy5/Cy3-labelled cDNAs by KLENOW (Takara, Japan).

Cy5/Cy3-labelled cDNA probes were hybridized with TOM2 microarrays at 42 °C overnight. Subsequently, the arrays were washed with 0.2% SDS and 2× SSC at 42 °C for 5 min, followed by washing with 0.2% SSC for 5 min at room temperature.

Microarray scanning and data analysis
-------------------------------------

Arrays were scanned using a LuxScan 10KA confocal laser scanner (CapitalBio, China). The images were analysed with ImaGene image analysis software (BioDiscovery, CA, USA). Spots with mean signal intensities less than local background intensities plus two standard deviations of the local background in both channels were regarded as empty spots and not included in the downstream statistical analysis. A Print-tip Lowess Normalization strategy was applied to normalize the ratio values for each array using the marray package in Bioconductor ([@bib78]). Significances of gene expression changes between stressed and control plants were identified using the Patterns from Gene Expression package (PaGE; [@bib28]). Genes with a false discovery rate (FDR; [@bib8]) less than 0.05 and a fold change no less than 2 were considered as differentially expressed genes. Identification of significantly affected biochemical pathways and highly enriched GO terms, as well as functional classification of differentially expressed genes, were performed using the Plant MetGenMAP system ([@bib39]). The entire array dataset and the experimental descriptions are available at the Tomato Expression Database (<http://ted.bti.cornell.edu>; [@bib23]).

RT-PCR analysis
---------------

Total leaf RNAs isolated from M82, IL2-5, and IL9-1, as well as *S. pennellii*, under moderate drought stress and control conditions were used for RT-PCR analysis. cDNAs were synthesized from 9 μg total RNA using the M-MLV reverse transcriptase (Promega, USA). Tomato elongation factor 1α (EF1α) was used as the internal control. Primers were designed with the Primer3 program (<http://frodo.wi.mit.edu/primer3/input.htm>). Sequences of all the primer pairs are listed in [Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/erq167/DC1) at *JXB* online. PCRs were performed with 25--29 cycles of 94 °C 30 s, 52 °C 30 s, and 72 °C 1 min, using 1 μl cDNA as the template. PCR products were separated by electrophoresis on a 1% agarose gel with ethidium bromide in 1× TAE buffer and visualized under UV light.

Results
=======

Drought tolerance characteristics of recurrent and donor parents of ILs
-----------------------------------------------------------------------

*S. pennellii* (LA716) has been assigned in TGRC as one of the stress-tolerant accessions. In this study, drought tolerance between *S. pennellii* and *S. lycopersicum* cv. M82 were also compared. Under normal conditions, the seeds of *S. pennellii* germinated faster than those of M82, however, no significant difference in the final germination rate was observed between the two genotypes. While under drought stress, the final germination rate of *S. pennellii* was significantly higher than that of M82 ([Fig. 1](#fig1){ref-type="fig"}). In addition, young seedlings of *S. pennellii* under drought stress for one month had lush green leaves except for the bottom first and second leaves; while most plants of M82 were dead and the leaves at the bottom and middle of the plants which survived turned yellow. All the above results supported that *S. pennellii* was more tolerant to drought stress than M82.

![Seed germination patterns of *S. pennellii* and M82 under water irrigated and PEG treatment conditions. Vertical bars represent standard error of means. W, water irrigation; P, PEG treatment.](jexboterq167f01_lw){#fig1}

Identification of drought-tolerant ILs
--------------------------------------

Seedlings of M82 and a set of 50 ILs were subjected to drought stress and the survival rate of each line was investigated. Two lines, IL2-5 (LA4040) and IL9-1 (LA4078), showed significantly higher survival rates than M82 across all three seasons investigated (see [Supplementary Table S2](http://jxb.oxfordjournals.org/cgi/content/full/erq167/DC1) at *JXB* online) while the leaf damage rates of these two lines, as well as *S. pennellii*, were significantly lower than that of M82 under different stress treatments (see [Supplementary Table S3](http://jxb.oxfordjournals.org/cgi/content/full/erq167/DC1) at *JXB* online). Moreover, the water loss rates of detached leaves of the two selected lines were also significantly lower than those of M82 (see [Supplementary Fig. S1](http://jxb.oxfordjournals.org/cgi/content/full/erq167/DC1) at *JXB* online). All the above results suggested that the drought tolerance-related QTLs were present in both lines, mainly corresponding to segments on chromosome 2 and chromosome 9 of *S. pennellii*, respectively. In addition, five lines with higher survival rates than M82, but lower than IL2-5 or IL9-1 were also identified (see [Supplementary Table S2](http://jxb.oxfordjournals.org/cgi/content/full/erq167/DC1) at *JXB* online), indicating these corresponding chromosome segments may contain minor effect QTLs related to drought tolerance.

Expression profiles of drought-responsive genes in tomato
---------------------------------------------------------

Changes of gene expression in IL2-5, IL9-1, and M82 under drought stress were investigated using tomato TOM2 microarrays. Approximately 1400, 1200, and 2000 drought-responsive genes were identified in IL2-5, IL9-1, and M82, respectively ([Fig. 2A](#fig2){ref-type="fig"}). All these drought-responsive genes were classified into different groups based on their expression patterns ([Fig. 2B](#fig2){ref-type="fig"}, C), among which 399 genes were differentially expressed only in the tolerant genotypes (see [Supplementary Table S4](http://jxb.oxfordjournals.org/cgi/content/full/erq167/DC1) at *JXB* online). In addition, 900 genes were differentially expressed in all three genotypes tested. Drought-responsive genes were functionally classified into different categories of biological processes using a set of plant-specific GO slims (<http://www.geneontology.org/GO.slims.shtml>). As expected, the 'response to stress' and 'response to abiotic stimulus' were among the largest groups in all three genotypes (see [Supplementary Table S5](http://jxb.oxfordjournals.org/cgi/content/full/erq167/DC1) at *JXB* online).

![Number of differentially expressed genes in different tomato genotypes tested under drought stress. (A) Number of up- or down-regulated genes in M82, IL2-5, and IL9-1. (B) Venn diagram of up-regulated genes categorized in different genotypes. (C) Venn diagram of down-regulated genes classified in different genotypes.](jexboterq167f02_ht){#fig2}

Verification of microarray results by RT-PCR
--------------------------------------------

To confirm the microarray results, RT-PCR was conducted on eight randomly selected drought-responsive genes based on the microarray analysis ([Fig. 3A](#fig3){ref-type="fig"}). RT-PCR results agreed with the microarray data for 20 out of 24 (83%) data points ([Fig. 3B](#fig3){ref-type="fig"}), indicating there was a good consistency between the RT-PCR and microarray results.

![Verification of microarray results by RT-PCR. (A) RT-PCR analysis of eight selected genes. eF1α was used as the internal control. Number of PCR cycles is listed on the right side. CK:, control plants watered as usual. (B) Expression ratios of the eight selected genes derived from the microarray analysis. P, *S. pennellii*; M, M82.](jexboterq167f03_ht){#fig3}

Expression profiles of the selected genes were investigated further under drought stress in *S. pennellii*, a drought-tolerant line and the donor parent of IL2-5 and IL9-1. As expected, the overall expression pattern of these genes under drought stress in IL2-5 and IL9-1 was more similar to that in *S. pennellii* than that in M82. In addition, genes (SGN-U213363, SGN-U218605, and SGN-U223525) induced only in IL2-5 and/or IL9-1 exhibited similar expression changes in *S. pennellii* under drought stress, indicating changes in expression of these genes in IL2-5 and IL9-1 could be largely due to the corresponding introgressed chromosome segments.

Drought-responsive transcription factors and signalling proteins in the tolerant lines
--------------------------------------------------------------------------------------

To understand the transcriptional regulation in drought stress response in the drought-tolerant genotypes, 43 genes identified in the tolerant genotypes which encoded transcription factors were characterized further ([Table 1](#tbl1){ref-type="table"}). These genes were classified into five major groups according to their putative DNA binding domains. The first group was the zinc-finger family which contained ten genes (SGN-U225317, SGN-U215566, SGN-U222278, SGN-U213245, SGN-U218605, SGN-U229870, SGN-U219949, SGN-U213244, SGN-U212725, SGN-U235916). Among them, all WRKY family genes were up-regulated under drought stress.

###### 

Transcription factors and signalling proteins responsive to drought only in drought-tolerant genotypes

  Accession no.                     Annotation                                                             e-value   M82      IL2-5        IL9-1
  --------------------------------- ---------------------------------------------------------------------- --------- -------- ------------ ------------
  **Transcription factors**                                                                                                                
  **Zinc-finger family**                                                                                                                   
  SGN-U225317                       Zinc finger protein                                                    2e-035    1.62     **2.51**     **2.09**
  SGN-U215566                       Zinc finger protein OBP4-like                                          6e-034    1.81     1.80         **2.64**
  SGN-U222278                       Zinc finger (C2H2 type) family protein                                 1e-032    --1.35   **--2.09**   --1.46
  SGN-U213245                       WIZZ                                                                   1e-100    1.30     **6.79**     **2.99**
  SGN-U218605                       WRKY transcription factor 30                                           3e-034    --1.15   **2.38**     **4.03**
  SGN-U229870                       WRKY transcription factor-c                                            9e-063    1.44     **2.57**     **2.71**
  SGN-U219949                       WRKY transcription factor-c                                            2e-089    1.51     **2.12**     **2.34**
  SGN-U213244                       WRKY family transcription factor                                       1e-028    1.17     **2.88**     **2.41**
  SGN-U212725                       WRKY transcription factor 30                                           6e-040    1.84     1.74         **3.31**
  SGN-U235916                       Transcription factor WRKY5                                             1e-015    1.76     **2.26**     1.20
  **NAC family**                                                                                                                           
  SGN-U213215                       NAC domain protein NAC2                                                1e-103    --1.18   **--2.30**   **--2.70**
  SGN-U232379                       NAC domain protein NAC2                                                1e-014    --1.29   **--2.23**   **--2.80**
  SGN-U223525                       NAC domain protein NAC6                                                3e-088    1.67     **4.02**     **2.53**
  SGN-U233528                       Nam-like protein 1                                                     1e-062    1.81     **2.79**     **2.19**
  SGN-U213216                       NAC domain protein NAC2                                                1e-051    --1.15   --1.92       **--2.20**
  SGN-U223083                       NAC-domain protein                                                     5e-088    --1.12   1.75         **2.09**
  SGN-U216370                       Nam-like protein 1                                                     1e-114    1.64     **2.35**     1.81
  **bHLH family**                                                                                                                          
  SGN-U218964                       bHLH transcription factor GBOF-1                                       1e-039    --1.87   **--2.10**   **--2.10**
  SGN-U215556                       bHLH family protein                                                    1e-057    1.20     **2.08**     1.68
  SGN-U215557                       bHLH family protein                                                    3e-057    1.18     **2.27**     1.76
  SGN-U219797                       bHLH family protein                                                    1e-044    --1.92   --1.89       **--2.17**
  SGN-U235082                       bHLH transcription factor                                              9e-017    --1.59   --1.81       **--2.10**
  SGN-U238928                       bHLH transcription factor                                              3e-029    1.90     1.59         **2.03**
  SGN-U217931                       Helix-loop-helix DNA-binding                                           1e-033    1.32     1.67         **2.30**
  **AP2/EREBP family**                                                                                                                     
  SGN-U220658                       AP2/EREBP transcription factor                                         9e-021    1.19     **2.57**     1.78
  SGN-U224968                       AP2/EREBP transcription factor                                         1e-019    --1.13   **2.24**     --1.27
  SGN-U242104                       APETALA2 protein homolog HAP2                                          6e-059    1.12     **2.26**     1.70
  SGN-U226365                       AP2-like ethylene-responsive transcription factor                      2e-053    --1.73   **--2.17**   --1.91
  SGN-U216297                       AP2/EREBP transcription factor                                         2e-024    1.36     **2.57**     1.90
  SGN-U213644                       Transcription factor JERF1                                             0.0       1.62     **2.34**     **2.39**
  **HSF family**                                                                                                                           
  SGN-U227428                       Heat shock transcription factor HSF30                                  1e-053    1.87     **2.29**     **2.66**
  SGN-U225155                       Heat shock transcription factor HSF30                                  1e-108    1.92     **2.58**     **3.02**
  SGN-U222126                       Heat shock transcription factor                                        1e-068    1.21     **--3.59**   1.48
  SGN-U227452                       Heat shock transcription factor HSFA9                                  3e-051    --1.15   **--2.16**   --1.82
  **MYB family**                                                                                                                           
  SGN-U218279                       Myb family transcription factor                                        1e-175    --1.17   **--2.03**   --1.72
  **bZIP family**                                                                                                                          
  SGN-U216671                       G-box binding protein                                                  1e-100    --1.97   **--2.30**   **--2.30**
  **Other transcription factors**                                                                                                          
  SGN-U216109                       CONSTANS interacting protein 2a (CCAAT-binding transcription factor)   1e-119    1.76     1.96         **2.56**
  SGN-U217064                       CCAAT-binding transcription factor                                     3e-053    1.33     **2.39**     **2.64**
  SGN-U230670                       Auxin response factor                                                  8e-065    1.94     1.78         **2.04**
  SGN-U219359                       AUX/IAA protein                                                        4e-031    1.59     1.79         **2.69**
  SGN-U220106                       SCL3 (scarecrow-like 3)                                                1e-154    --1.59   **--2.31**   **--2.10**
  SGN-U227808                       SCARECROW gene regulator                                               6e-070    1.47     1.61         **2.15**
  SGN-U224075                       Transcription factor LIM                                               3e-082    1.90     2.14         2.53
  **Signalling related proteins**                                                                                                          
  SGN-U231755                       Cryptochrome 1                                                         7e-068    --1.88   **--2.08**   --1.55
  SGN-U226221                       Receptor-like protein kinase INRPK1c                                   2e-094    1.37     **2.81**     --1.64
  SGN-U216590                       Receptor kinase LRK10                                                  1e-084    1.12     **3.69**     1.59
  SGN-U236017                       Receptor-like protein kinase INRPK1c                                   3E-59     1.99     **3.52**     1.74
  SGN-U213787                       Receptor-like serine-threonine protein kinase                          1E-162    1.33     **2.77**     1.99
  SGN-U228947                       Somatic embryogenesis receptor kinase 1                                1e-112    1.19     1.66         **2.29**
  SGN-U230845                       S-receptor kinase KIK1 precursor                                       3E-58     1.82     1.68         **2.07**
  SGN-U220999                       receptor-like protein kinase 2                                         1E-139    1.37     **2.68**     **2.8**
  SGN-U232645                       Receptor-like serine-threonine protein kinase                          5E-78     1.54     **2.5**      **2.56**
  SGN-U213785                       Receptor-like serine-threonine protein kinase                          0         1.54     **2.29**     **2.22**
  SGN-U215877                       Mitogen-activated protein kinase 3                                     0.0       1.80     **3.86**     **5.06**
  SGN-U222625                       MAP3K gamma protein kinase                                             5E-34     1.37     **2.7**      1.98
  SGN-U222776                       CBL-interacting protein kinase                                         6e-039    --1.63   **--2.27**   **--2.23**
  SGN-U219271                       Protein kinase family protein                                          1e-102    --1.86   **--2.21**   --1.77
  SGN-U225466                       calmodulin binding/cation channel/cyclic nucleotide binding            1e-122    1.97     **2.22**     --1.00
  SGN-U215815                       Phosphatidic acid phosphatase alpha                                    1e-121    1.69     **2.29**     **2.35**

Significant difference (FDR \<0.05 and fold change ≥2) in relative level is shown in bold.

The second group represented by the NAC family contained five NAC genes (SGN-U213215, SGN-U232379, SGN-U223525, SGN-U213216, SGN-U223083) and two NAM-like genes (SGN-U233528, SGN-U216370). The two NAM-like genes and two NAC genes were induced by drought treatment.

The third group included transcription factors from the basic helix-loop-helix (bHLH) family. Seven bHLH genes were identified as drought-responsive genes in this study. Of these, four genes were up-regulated (SGN-U215556, SGN-U215557, SGN-U238928, SGN-U217931).

The fourth group contained the AP2/EREBP family genes. Six genes (SGN-U220658, SGN-U224968, SGN-U216297, SGN-U242104 SGN-U226365, SGN-U213644) belonging to this family were identified. All of them except one (SGN-U226365) were up-regulated.

The fifth group consisted of heat shock transcription factors (HSF). Two up-regulated (SGN-U227428, SGN-U225155) and two down-regulated (SGN-U222126, SGN-U227452) HSFs were identified in this study.

The remaining transcription factors belonged to the MYB family (SGN-U218279), basic leucine zipper (bZIP) family (SGN-U216671) and other types, including CAAAT-binding proteins (SGN-U216109, SGN-U217064), auxin-related proteins (SGN-U230670, SGN-U219359), GRAS proteins (SGN-U220106, SGN-U227808), and a LIM domain protein (SGN-U224075).

To investigate the signal transduction process in tomato under water-stressed conditions, differentially expressed signalling-related genes were subjected to analysis. Sixteen genes involved in signalling pathways were identified in the drought-tolerant genotypes ([Table 1](#tbl1){ref-type="table"}). Among them, nine encoding RPKs (SGN-U226221, SGN-U216590, SGN-U228947, SGN-U236017, SGN-U213787, SGN-U230845, SGN-U220999, SGN-U232645, SGN-U213785) were up-regulated. The remaining differentially expressed genes encoded a MAPK (SGN-U215877), a CBL-interacting protein kinase (SGN-U222776), a calmodulin binding protein (SGN-U225466), a protein kinase family protein (SGN-U219271), and a phosphatase protein (SGN-U215815), most of which were also up-regulated.

Drought-responsive transcription and signalling regulators in both tolerant and sensitive genotypes
---------------------------------------------------------------------------------------------------

In the present study, a total of 82 drought-responsive transcription factors were identified in all three genotypes (see [Supplementary Table S6](http://jxb.oxfordjournals.org/cgi/content/full/erq167/DC1) at *JXB* online). These proteins mainly fell into eight families. Among them, the expression levels of four zinc-finger genes, two MYB genes, one homeobox gene, one HSF gene, and other types of transcription factors (SGN-U232883, SGN-U222176, SGN-U219331, SGN-U223492, BT012912, SGN-U226862) were changed by more than 10-fold.

About 50 signalling-related genes differentially expressed in all three genotypes were also found. Among them, the expression levels of two hormone-related genes, one light-related gene, two phosphatase genes and one serine/threonine protein kinase gene were changed by more than 10-fold under drought stress (see [Supplementary Table S6](http://jxb.oxfordjournals.org/cgi/content/full/erq167/DC1) at *JXB* online).

Organism growth and development related gene expression characteristics in the drought-tolerant genotypes
---------------------------------------------------------------------------------------------------------

Among genes that were responsive to drought stress only in the tolerant genotypes, eight were involved in cell growth and differentiation, and anatomical structure morphogenesis. These genes encoded one epidermal cell wax-related gene (SGN-U213739), two cell wall structure-related genes (SGN-U213444, SGN-U214839), one brassinosteroids synthesis-related gene (SGN-U221333), one lipid molecular-related gene (SGN-U215749), one cell integrity of microspores-related gene (SGN-U222621), one programmed cell death-related gene (SGN-U216827), and one cell elongation related gene (SGN-U213594), and most of them were induced by drought stress ([Table 2](#tbl2){ref-type="table"}).

###### 

Organism growth and development-related drought-responsive genes only in drought-tolerant genotypes

  Accession no.   Annotation                                       *e*-value   M82      IL2-5        IL9-1
  --------------- ------------------------------------------------ ----------- -------- ------------ ------------
  SGN-U222621     Nodulin MtN3 family protein                      5e-066      --1.71   **--2.20**   --1.73
  SGN-U216827     Phytophthora-inhibited protease 1                0.0         1.36     **2.35**     1.10
  SGN-U213594     DWARF1/DIMINUTO                                  0.0         1.24     1.25         **2.18**
  SGN-U214839     Endo-1,4-beta-glucanase                          0.0         1.39     **2.16**     **2.78**
  SGN-U215749     1-phosphatidylinositol-4-phosphate 5-kinase      0.0         --1.63   --1.88       **--3.10**
  SGN-U213739     CER1 (ECERIFERUM 1)                              0.0         1.29     1.69         **2.18**
  SGN-U213444     Xyloglucan endotransglucosylase-hydrolase XTH5   0.0         --1.29   **--2.23**   **--2.76**
  SGN-U221333     Steroid 5 alpha reductase DET2                   1e-154      1.38     **3.60**     **5.56**

Significant difference (FDR \<0.05 and fold change ≥2) in relative level is shown in bold.

Biochemical pathways affected by drought stress in tomato
---------------------------------------------------------

In order to assess the functional roles of drought-responsive genes involved in biochemical pathways, and to study the biochemical adaptations to drought stress in tomato, special and common biochemical metabolisms affected by drought stress in the tolerant and sensitive genotypes were identified.

Six metabolic pathways were specifically modulated by drought-responsive genes in the tolerant genotypes but not in the sensitive genotype ([Table 3](#tbl3){ref-type="table"}). Among these drought-responsive genes, one encoding fructose-*bis*phosphate aldolase (SGN-U232066) in the gluconeogenesis pathway was down-regulated in IL2-5 (see [Supplementary Fig. S2](http://jxb.oxfordjournals.org/cgi/content/full/erq167/DC1) at *JXB* online). Genes encoding an aldehyde oxidase (SGN-U213960) involved in the tryptophan degradation pathway and an adenylate kinase (SGN-U232826) functioning in the salvage pathways of purine and pyrimidine nucleotides were up-regulated in IL2-5 (see [Supplementary Fig. S2](http://jxb.oxfordjournals.org/cgi/content/full/erq167/DC1) at *JXB* online). Several genes encoding key enzymes in the pathways responsible for the removal of superoxide radicals, starch degradation, and methionine biosynthesis were significantly differentially expressed in IL9-1 (see [Supplementary Fig. S2](http://jxb.oxfordjournals.org/cgi/content/full/erq167/DC1) at *JXB* online). They included up-regulated catalases (SGN-U212687, SGN-U224934) and cystathionine beta-lyase (SGN-U219944), and down-regulated beta-amylase (SGN-U220865, SGN-U221601).

###### 

Differentially expressed genes involved in biochemical pathways affected by drought stress in the tolerant genotypes

  Gene accession no                                           Gene description                   e-value   M82      IL2-5        IL9-1
  ----------------------------------------------------------- ---------------------------------- --------- -------- ------------ ------------
  **Gluconeogenesis**                                                                                                            
  SGN-U232066                                                 Fructose-*bi*sphosphate aldolase   2e-073    --1.48   **--2.03**   --1.30
  **Salvage pathways of purine and pyrimidine nucleotides**                                                                      
  SGN-U232826                                                 Adenylate kinase                   3e-053    1.63     **2.02**     1.23
  **Tryptophan degradation**                                                                                                     
  SGN-U213960                                                 Aldehyde oxidase                   1e-179    1.77     **2.13**     1.61
  **Starch degradation**                                                                                                         
  SGN-U220865                                                 Beta-amylase 1                     1e-149    1.21     --1.12       **--2.38**
  SGN-U221601                                                 Beta-amylase 1                     1e-165    1.02     --1.56       **--2.28**
  **Methionine biosynthesis**                                                                                                    
  SGN-U219944                                                 Cystathionine beta-lyase           1e-110    1.11     1.66         **3.29**
  **Removal of superoxide radicals**                                                                                             
  SGN-U212687                                                 Catalase isozyme 1                 0.0       1.49     1.41         **2.09**
  SGN-U224934                                                 Catalase 3                         5e-093    1.98     1.64         **2.29**

Significant difference (FDR \<0.05 and fold change ≥2) in relative level of gene expression is shown in bold.

A total of 19 biochemical pathways were affected by drought stress in all three genotypes (see [Supplementary Table S7](http://jxb.oxfordjournals.org/cgi/content/full/erq167/DC1) at *JXB* online). These pathways were responsible for the biosynthesis or degradation of diverse metabolites including secondary metabolites, electron carriers, amino acids, hormones, aromatic compounds, cell structure components, sugars and polysaccharides, fatty acids and lipids, C1 compounds, and inorganic nutrients ([Fig. 4](#fig4){ref-type="fig"}), indicating the complexity of metabolic changes involved in plant responses to drought stress.

![Biochemical pathways significantly affected by drought stress in all three tomato genotypes.](jexboterq167f04_ht){#fig4}

Four genes encoding enzymes of the carotenoid biosynthesis pathway (phytoene synthase, lycopene β-cyclase, β-carotene hydroxylase, zeaxanthin epoxidase) were significantly down-regulated by drought stress. Almost all genes in nitrogen, sulphate, and formaldehyde degradation pathways, lignin, suberin, spermidine, polyamine, phenylpropanoid, and salicylic acid biosynthesis pathways, and the glycosylglyceride desaturation pathway were also significantly down-regulated in all three genotypes under drought stress, while the majority of genes in the pathways of glutamate, arginine, and canavanine degradation, and citrulline biosynthesis were up-regulated.

Discussion
==========

In this study, two drought-tolerant ILs and their recurrent parent, a drought-sensitive tomato genotype, were used to characterize the differences of transcriptome dynamics under drought stress. Expression of drought-responsive genes in the drought-tolerant genotypes might be affected by inserted chromosome segments of *S. pennellii* and these genes might contribute to the increased drought tolerance, while a large number of genes differentially expressed in all three genotypes might play basal roles in the response to drought stress in tomato.

Transcription regulation and signal transduction under drought stress in tomato
-------------------------------------------------------------------------------

Transcription factors and signalling regulators are considered to be the most important category of genes involved in regulating the expression of downstream drought-responsive genes ([@bib10]; Trewavas and Malho, 1997). Comparison of gene expression profiling between the tolerant ILs and M82 under drought stress is essential for the elucidation of drought response networks in tomato.

A number of differentially expressed genes encoding transcriptional factors were identified in the tolerant genotypes. Among them, WRKY family proteins have been shown to be highly induced by various environmental stresses and involved in the regulation of diverse biological processes in plants ([@bib82]; [@bib75]). AP2/EREBP family transcription factors and NAC genes play significant roles in plant tolerance to various environmental stresses ([@bib36]; [@bib69]; [@bib79]; [@bib80]). In addition, bHLH genes are involved in the ABA response regulation under stress conditions ([@bib2]; [@bib42]). HSF family genes are known as regulators to prevent the accumulation of damaged proteins and to maintain cellular homeostasis ([@bib64]; [@bib71]). MYB family transcription factors, auxin-related transcription factors, and GRAS regulators are also involved in stress responses ([@bib41]; [@bib19]; [@bib25]). All these groups of transcription factors identified in the tolerant genotypes showed complicated transcriptional regulatory networks of drought responses in tomato.

In the present study, a set of drought-regulated signalling-related proteins were also identified in the tolerant lines. Among them, RPK family proteins are critical components in the mediation of plant responses to dehydration ([@bib33]). CBL-interacting protein kinases negatively regulate ABA-induced stomatal movement in *Arabidopsis* ([@bib17]). MAPKs are activated in response to drought and other environmental stresses as a link between upstream receptors and downstream targets ([@bib38]; [@bib61]). The relationship between several signal-related genes expressed in the tolerant genotypes ([Table 1](#tbl1){ref-type="table"}) and drought tolerance has not previously been documented. The identification of these genes in the tolerant genotypes revealed that various signal molecules act upon improving drought tolerance of tomato.

In this study, a large number of transcription factors and signalling related proteins were also identified to be responsive to drought stress in both tolerant and sensitive genotypes. Of these, homeodomain-leucine zipper proteins can lead to desiccation tolerance by regulating drought response pathways ([@bib20]). Gigantea proteins regulate cold and oxidative stress responses ([@bib13], 2006). Diverse protein kinases play key roles in signal transduction, most of which are serine/threonine kinases ([@bib43]). The hormone, light, and pathogenesis signalling-related genes were also found to be differentially expressed in all three genotypes, indicating that multiple signal regulations exist in tomato under drought stress.

Gene expression characteristics involved in organism growth and development processes of tomato under drought stress
--------------------------------------------------------------------------------------------------------------------

Plants usually form a tolerant morphological structure to reduce the impact of adversity. Our microarray analysis indicated that the drought-tolerant lines may adapt to water deficit partially through organ morphogenesis-related regulation, such as the formation of lipid molecules ([@bib37]), biosynthesis of epicuticular wax ([@bib1]), and regulation of cell wall structure ([@bib18]) and plant height ([@bib13]). Most of the drought-responsive genes involved in organism growth and development were not previously reported to be associated with drought responses. The discovery of these genes indicated that regulation of plant growth and development are important in the acclimation to water deficit in tomato.

Specifically affected biochemical pathways in the drought-tolerant genotypes
----------------------------------------------------------------------------

Understanding the biochemical mechanisms in metabolic adaptations to water deficit can be used as a mean for engineering plants with improved drought tolerance. In the present study, one gene was found encoding fructose-*bis*phosphate aldolase in the gluconeogenesis pathway that was down-regulated under drought stress in the drought-tolerant line. It has been reported that, in *Arabidopsis*, the expression of fructose-*bis*phosphate aldolase is also down-regulated by drought stress ([@bib40]). Gluconeogenesis consumes plenty of energy thus down-regulation of the fructose-*bis*phosphate aldolase could inhibit gluconeogenesis for keeping energy in drought-stressed plants.

It has been reported that the development of defence responses during the adaptation to drought is related to an increased IAA content ([@bib55]). In this study, one gene encoding indole-3-acetaldehyde oxidase, a key enzyme in the tryptophan degradation pathway, was found to be up-regulated in the tolerant lines, which possibly promoted the IAA biosynthesis in tomato plants to adapt to water deficit.

The maintenance of mitochondrial ATP synthesis during water stress is essential for preserving plastid function ([@bib6]). Our results showed that up-regulation of an adenylate kinase participating in ATP biosynthesis in the tolerant genotype could provide more ATP for maintaining cellular activities under drought stress.

The endogenous H~2~O~2~ concentration in grains was always consistent with the activity of β-amylase, an enzyme in the starch degradation pathway ([@bib74]). The down-regulation of the β-amylase gene in IL9-1 may be related to the balance of the internal H~2~O~2~ concentration, since the expression of the catalase gene used for eliminating H~2~O~2~ has been found to be highly regulated in this line.

Cystathionine beta-lyase is a key enzyme to catalyse cystathionine to form homocysteine in methionine biosynthesis and is involved in the regulation of plant growth and development ([@bib44]). Methionine and ATP are used for the synthesis of *S*-adenosylmethionine that is an essential substance for living cells as a methyl group donor and a precursor of ethylene, polyamines, and nicotianamine ([@bib65]; [@bib51]). Up-regulation of cystathionine beta-lyase identified in this study could possibly improve drought tolerance through affecting the *S*-adenosylmethionine metabolism.

It is well known that catalase catalyses the decomposition of hydrogen peroxide to water and oxygen to improve the stress tolerance of plants ([@bib50]; [@bib51]). The catalase was up-regulated in IL9-1, suggesting the enhanced drought tolerance of IL 9-1 may be partially due to the higher expression of catalase.

In summary, the biochemical pathways affected by the change in gene expression mentioned above might co-operate to improve drought tolerance of tomato ([Fig. 5](#fig5){ref-type="fig"}). Of these, the decreased energy dissipation through the inhibition of gluconeogenesis, ATP energy provision through the promotion of purine and pyrimidine nucleotide biosynthesis, and the reduction of oxidative damage through the removal of superoxide radicals may be closely related to the enhanced drought tolerance. The IAA regulation from the tryptophan degradation pathway and methyl group donor provision caused by the methionine biosynthesis pathway might indirectly help tomato plants to enhance drought tolerance. The altered starch degradation by down-regulated β-amylase was firstly found to be associated with drought tolerance.

![Biochemical pathways leading to drought tolerance. Enzymes encoded by drought-responsive genes were shown in bold (down-regulated genes were bold and underlined while up-regulated genes were only in bold). Possible functions for increased drought tolerance by the regulation of specifically changed biochemical pathways were shown in boxes with broken lines.](jexboterq167f05_ht){#fig5}

Biochemical pathways affected by drought stress in all three tomato genotypes
-----------------------------------------------------------------------------

In this study, various regulations of plant biochemical responses were found to be affected by drought stress in all three genotypes. Among them, carotenoids can reduce and eliminate the reactive oxygen damage, serve as the precursors of ABA synthesis, and also participate in photosynthesis as the pigments of chlorophyll ([@bib26]; [@bib47]; [@bib67]). Lignin is beneficial to water transportation and resistance of invasion caused by stress ([@bib46]). Suberin, a highly hydrophobic substance, can prevent water from penetrating the tissue ([@bib27]). Biosyntheses of amino acids, hormones, and lipids, have also been shown to be involved in the drought response in plants ([@bib4]; [@bib62]; [@bib15]; [@bib76]). The remaining changed degradation pathways identified in this study, such as sulphate, formaldehyde, glutamate, and glycine, have not been documented previously to be related to the drought response. All the above altered metabolic pathways in the three genotypes revealed that tomato plants respond to water deficit through interactions of complex metabolic networks.

Characteristic gene expression profile between drought and salt stress in tomato
--------------------------------------------------------------------------------

In the present study, it was found that one WRKY (SGN-U218605) and one AP2/EREBP (SGN-U213644) drought-responsive genes were also responsive to salt stress in tomato ([@bib52]), indicating that there are common features in the upstream gene regulation in response to drought and salt stresses. In addition, several enzymes, such as adenylate kinase and catalase, were specially induced by drought while repressed under salt stress in tomato ([@bib81]). The nitrogen reduction and fixation pathway was significantly affected under drought stress by the dramatic down-regulation of its rate-limiting enzyme, nitrate reductase, which was also significantly down-regulated by salt stress in tomato ([@bib52]). It is interesting that differentially expressed genes in the tolerant lines tend to have different expression patterns in comparison to those under salt stress, while drought-responsive genes identified in all three genotypes have somewhat similar expression patterns, such as genes involved in the metabolism of secondary metabolites, amino acids, and polyamines. These results indicate that there are some connections as well as differences between drought and salt responses.
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